The effects of mesoporous structure on grain growth were investigated in this study. The synthesis was accomplished using block copolymer as the organic template and tungsten chloride as the inorganic precursor. Thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy, x-ray diffractometry (XRD), transmission electron microscopy, and N 2 adsorption/desorption isotherms were used to characterize the microstructures obtained for different temperatures. TGA and XRD analyses demonstrate that copolymers were expelled at 150-250°C, and mesoporous structure was stable up to 350°C. The pore diameter and the surface area evaluated from the Barrett-Joyner-Halenda model and Brunauer-Emmett-Teller method indicated that the average pore diameter is 4.11 nm and specific surface area is 191.5 m 2 /g for 250°C calcination. Arrhenius equation used to calculate the activation energy for grain growth demonstrates that the activation energy for grain growth was about 38.1 kJ/mol before mesostructure collapse and 11.3 kJ/mol after collapse. These results show evidence of two different mechanisms governing the process of grain growth. The presence of the pore can be related to the obstacle for grain growth.
I. INTRODUCTION
With the large specific surface area and narrow poresize distribution, mesoporous tungsten oxide acting as a semiconducting ceramic material is currently attracting attention in various applications such as gas sensing, electrochromic, and optical devices. [1] [2] [3] [4] Generally, mesoporous materials, prepared by self-assembling surfactants as organic templates in sol-gel process, [5] [6] [7] [8] have poor crystallinity, which is disadvantageous for applications. Most of the mesoporous structure-related work focused on the preparation of silica, but the references concerning the characteristic of mesoporous transition metal oxide are deficient. Until recently, there are a few reported examples of mesoporous WO 3 , but the relation between the calcined temperature and mesoporous structure including specific surface area, pore size, and crystallization, especially the activation energy, for grain growth has yet been discussed.
The properties of nanostructured materials have been found to depend on the characteristic length associated with them. For example, the sensitivity of semiconducting gas sensor can be improved as the grain size is reduced to the length of space charge layer. 9 In the sol-gel process, however, grain growth usually accompanies heat treatment, which is an unavoidable process for dehydroxylation. Grain growth is the result of atom diffusion in grain boundary. To inhibit grain growth, the mechanisms for the reduction of grain boundary mobility and thermodynamic driving force by impurity pinning and metastable systems, respectively, have been proposed. 10, 11 In this study, we adjusted the calcined temperature to investigate the effect of mesoporous structure on the grain growth of nanocrystallite. According to the activation energy calculation and the microstructure analyses, the results revealed that the mesoporous structure may provide another approach to suppress the grain growth.
II. EXPERIMENTAL
Mesoporous WO 3 was prepared at room temperature in the following way: 0.5 g amphiphilic triblock copolymer (designated EO 100 PO 64 EO 100 ; Pluronic, Mount Olive, NJ, F127) was dissolved in 10 ml ethanol and mixed with an inorganic precursor, 2g WCl 6 , for 1 h under vigorous stirring. The solution exhibited a yellow color immediately after the addition of WCl 6 to the ethanolblock copolymer solution and successively became green and then blue as tungsten was reduced. According to the mechanism proposed by Yang et al., 12, 13 WCl 6 first reacts with ethanol by alcoholysis reaction to produce W(OEt) x Cl 6−x ; then this species can associate with the poly(ethylene oxide) (PEO), through the coordination bonds between metal ions and oxygen atoms of copolymer, to form the mesoporous structure by hydrolysis with the moisture in air. The resulting sol solution was aged at 60°C in air for 14 days, and calcined at temperatures between 200 and 450°C for 5 h (the heating rate of the entire calcination process is 2°C /min), to remove the F127 block copolymer template. The mesostructure of WO 3 obtained then was investigated by thermogravimetric analysis (TGA; TA 5100, Thermal Analysis System), Fourier transform infrared spectrophotometer (FTIR; Perkin-Elmer, Los Angeles, CA, Spectrum GX), x-ray powder diffractometry (XRD; Rigaku, Osaka, Japan, D/max-IV, using Cu K ␣ radiation), transmission electron microscopy (TEM; Hitachi Model, Tokyo, Japan, HF-2000, 200 keV), and N 2 adsorption/desorption isotherm measurements (Micromeritics, Norcross, GA, ASAP 2010). The grain size was calculated from XRD results according to the Scherrer's equation
where D is the average crystallite size in nanometers, is the radiation wavelength (0.154 nm), ␤ is the corrected half-width at half-maximum (FWHM), and is the diffraction peak angle. The FWHM was obtained by deconvolution with a peak-fit procedure (Profile Fitting Software) to separate peaks and to calculate the crystalline size. Gaussian-Lorentzian functions were used to fit the crystalline peaks, and the peak parameters were iterated to achieve a good fit with the experimental data.
III. RESULTS AND DISCUSSION
The result of the TGA curve for the mesoporous WO 3 , which was carried out from room temperature to 800°C in the air, is presented in Fig. 1 . The gravimetric loss below 100°C is attributed to water, and to the combustion of organic compounds for the removal of the block copolymer template between 150 and 250°C. This indicates that as the samples were heated at the temperature higher than 150°C for a long time, it is able to gain an insight into the structural stability, crystallization behavior and the grain growth of the mesoporous structure. Figure 2 presents the FTIR spectra of WO 3 (Aldrich, Milwaukee, WI) block copolymer, as-synthesized powders calcined at 200, 250, 300, and 350°C. In the spectra of the as-synthesized powder, some bands are observed in the region of 2800-3000 cm −1 and attributed to CH 2 vibrations. The bands in the region of 1450-1500 cm −1 are attributed to the deformation of -CH 2 -and -CH 3 . are assigned to O-H stretching and deformation vibrations of weak-bound water. 16 The broad bands between 500 and 1000 cm −1 are attributed to the framework vibrations of WO 3 . 17, 18 The peaks related to the copolymer disappeared after 5 h calcination at 200°C, indicating that the template was completely removed and the sample was carbon-free. Moreover, Cl − ions are suggested to be removed by calcination. As shown by the FTIR spectra, we could not see any peak related to the hydrogen chloride of as-synthesized sample in Fig. 2(c) (the stretching vibration of HCl is at 2719.5 cm −1 ). Figure 3 shows the XRD patterns for the mesoporous WO 3 calcined at different temperatures. The samples heated below 300°C were characterized with broad peaks, indicating that the framework of mesopores may consist of nanocrystallite WO 3 . Above 350°C, the formation of the marked monoclinic diffraction peaks suggests that the mesoporous structure may collapse and the wells with crystallized grains present. In comparison with the result of TGA analysis, one can see that the mesoporous structure was stable at the temperatures up to 350°C after repelling the copolymer template from 150 to 250°C, which provides a temperature range to investigate the microstructure stability of the mesoporous structure. Three peaks can be identified at 2 values of 23.06°, 23.34°, and 24.33°by a deconvolution analysis of the XRD pattern. These peaks correspond to monoclinic crystalline structure with 002, 020, and 200 diffractions, respectively. The average grain sizes determined from Scherrer's equation were about 1.4, 3.2, 7.6, 15.5, 19.0, and 20.9 nm as the sample calcined at 200, 250, 300, 350, 400, and 450°C, respectively. These results are consistent with TEM observations, as shown in Fig. 4 . The samples before mesopore structure collapsed are clearly characterized with a feature of a disordered mesoporous structure or the wormhole-like structure [ Figs. 4(a) and 4(c) ]. There is no diffraction peak in the low angle region due to the lack of long-range order. For mesoporous transition metal oxides, similar results are found in the references. 2, 3, 19 Additional highresolution TEM (HRTEM) images were recorded to resolve the lattice fringes in crystallites within the walls of the mesopores. Although the diffraction pattern [inset in Fig. 4(a) ] indicates the poor crystallinity, the micrographs presented in Figs. 4(b) and 4(d) reveal several randomly oriented nanocrystallites with clearly resolved lattice fringes, which demonstrates that the walls are partially crystallized. Since the TEM images show only the local regions, the overall mesoporosity of the samples is also measured by N 2 adsorption/desorption isotherms, shown in Fig. 5(a) . The calcination temperature was set from 200 to 450°C. The shape of the curves exhibiting a type IV curve which is the characteristic of mesoporous WO 3 . 20 The hysteresis loop of the isotherm before the mesopores collapsed is a typical H2-type isotherm, and after the mesopores collapsed exhibited H1-type isotherms. Figure 5 ). 3 The detailed values are also presented in Table I . The Brunauer-Emmett-Teller (BET) specific surface area increases between 200 and 250°C, reaching a maximum value of 191.5 m 2 /g, and the pore volume increases between 200 and 300°C. The phenomenon may be due to the removal of copolymer template. The dependence of grain size and pore size on calcined temperature is depicted in Fig. 5(c) . From 200 to 450°C, the grain size increased from 1.4 to 20.9 nm, and the average pore size increased from 2.9 to 16.62 nm. It can be seen that by increasing the calcined temperature a larger crystallite size and larger average pore size of WO 3 are favored, indicating that as the calcination temperature increases, the total number of pores decrease as a result of sintering while the amount of larger pore size increases. Moreover, as revealed by N 2 adsorption/ desorption isotherms, the pore size increase is not too large, from about 2.9 to 4.86 nm in the range of 200 and 300°C before the mesoporous structure collapsed. This may be attributed to the incomplete removal of the block copolymer at 200°C. It also can be concluded that as the calcination temperature increases to 350°C, the mesopore structure collapses due to the crystallization of the WO 3 inorganic wall, which leads to a decrease in specific surface area, and an increase in average pore size and nanocrystal size. Furthermore, the pore-size distribution of the samples calcined at different temperatures is shown in Fig. 5(d) . As calcination temperature increases, the pore size shifts to a large value, and the pore-size distribution broadens. These results also demonstrate that the larger pores arose from the collapse of mesopores. Figure 5 (c) also shows that a pronounced increase in the grain size is apparent between 300°C (573 K) and 350°C (623 K), and a further increase is observed after this transition, which corresponds to the temperature the mesoporous structure completely collapsed. This might be an indication for different mechanisms being responsible for grain growth before and after the mesostructure collapsed. To calculate activation energy of grain growth, the Arrhenius-type equation can be utilized 21, 22 :
where D is the calculated grain size, D 0 the initial grain size, T the absolute temperature, Q the activation energy, and R the ideal gas constant. A plot of log D versus the reciprocal of absolute temperature (1/T) is presented in Fig. 6 . The slope of the resulting Arrhenius plot is −Q/(2.303R) and the activation energy of grain growth can be obtained. The grain growth investigated seems to be governed by two different sets of mechanisms. The region before mesoporous structure collapse exhibits activation energy of 38.1 kJ/ mol, while the other one, after mesoporous structure collapse, reveals activation energy of 11.3 kJ/mol. It was found that higher activation energy is needed to activate the process of grain growth and pore growth. When the pore disappeared gradually and the following sintering occurred, smaller activation energy is needed to continue grain growth. Continuous grain growth and secondary recrystallization are similar to the main processes occurring in ceramic materials during the thermal treatment. 23 In general the addition of impurities may weaken grain growth and inhibit sintering effects. 23, 9 For nanocrystalline ceramic grains the activation energy has been observed to be much smaller than the bulk ceramics. 24 Abundant oxygen vacancies are suggested to account for the reduced activation energy. 22 However, contrary to the previous work, this study showed that the activation energy increased as grain size reduced. Our measurement shows that the activation energy for grain growth is at least 3-fold in magnitude before the mesopores collapsed. We attributed this to the presence of mesopores around the nanocrystalline. In the case of mesoporous zirconia-based oxide, other researchers also demonstrated that the grain growth might be hindered by the wall-pore boundaries. 25 The results described above shows another way besides impurity effect to inhibit the grain growth, which is the key feature for gas sensor as previously demonstrated. 
IV. CONCLUSIONS
WO 3 with mesoporous structure and crystalline framework consisting of monoclinic phase was synthesized. The grain sizes of WO 3 were about 1.4-20.9 nm, and the activation energy for grain growth were about 38.1 kJ/mol before mesoporous structure collapse and 11.3 kJ/mol after collapse. These two values are thought to be possibly due to two different mechanisms governing the process of grain growth. The larger activation before pore collapse is attributed to the presence of mesopores. The pore can be related to the impurity inhibited grain growth. The mesoporous WO 3 is shown to have a high specific surface area of 191.5 m 2 /g, and the mesoporous structure was thermally stable up to 300-350°C. As the calcination temperature was larger than 350°C, the mesoporous structure collapsed and the activation energy needed for grain growth was reduced, as evidenced by XRD, TEM, and BET analyses. 
